Research on phagocytosis of bacteria is often hampered by the inability to distinguish quantitatively between bacteria that have been ingested by phagocytic cells and those which are attached to the surface of the cells. A method using the enzyme-linked immunosorbent assay technique to simply and accurately measure the rate of bacterial ingestion by phagocytic cells is described. The (12). The various phenotypes were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) for 48 h at 37°C under static conditions. The bacteria were harvested by centrifugation and washed in phosphate-buffered saline (PBS; 0.1 M NaCI, 0.02 M P04 [pH 7.2]). Stock solutions of the bacteria were stored at -70°C, thawed, washed once with PBS, and adjusted photometrically to the appropriate density in the required medium before use in the phagocytosis assay. The concentration of bacteria in the suspension was determined by direct counts in a Petroff-Hausser chamber (C. A. Hausser and Son, Philadelphia, Pa.) as described previously (11). Bacteria were preopsonized with specific antibodies, if required, as described elsewhere (1).
Phagocytosis is one of the most important host defense mechanisms against microbial infections (3) . Phagocytic tests are widely used to characterize the molecular mechanisms of phagocytosis of many infectious agents by diverse types of phagocytes as well as to estimate the function of phagocytes of a patient in a clinical setting. The phagocytosis process includes three consecutive stages: attachment, ingestion, and killing (7) . In several studies, attempts were made to separately measure the attachment and the ingestion stages as well as the intracellular killing of bacteria. In these studies, an antimicrobial agent was used to kill extracellular bacteria and bacteria attached to polymorphonuclear leukocytes (8, 10, 15, 17, 19) . However, the antimicrobial agents used to eliminate extracellular bacteria may bind and penetrate phagocytes (20) . Other studies used metabolically radiolabeled bacteria with [3H]uracil, which does not penetrate phagocytic cells and thus permits separate enumeration of the attached and ingested bacteria by pulse-labeling the bacterium-phagocyte mixture, followed by recording the decrease in uptake of radioactivity (5) . This method, however, requires metabolically active bacteria, a situation that does not always concide with the expression of certain specific components which mediate attachment of the organisms to phagocytes. Furthermore, bacteria attached to but not ingested by phagocytes may have altered activity to incorporate the radioactive label. Fluorescence-labeled antibodies, which do not penetrate phagocytes, were used to selectively label attached versus ingested bacteria (2, 6) . The total number of bacteria in the Giemsa-stained monolayer and the fluorescence-labeled bacteria associated with phagocytes are enumerated under light and fluorescence microscopes, respectively. The method, however, is cumbersome and subjective.
In this study, we describe an enzyme-linked immunosorbent assay (ELISA) (9) . The absence and the presence of the activity in the two phenotypes were confirmed by aggregation with mannan-containing yeast cells as described previously (12) . The various phenotypes were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) for 48 h at 37°C under static conditions. The bacteria were harvested by centrifugation and washed in phosphate-buffered saline (PBS; 0.1 M NaCI, 0.02 M P04 [pH 7.2]). Stock solutions of the bacteria were stored at -70°C, thawed, washed once with PBS, and adjusted photometrically to the appropriate density in the required medium before use in the phagocytosis assay. The concentration of bacteria in the suspension was determined by direct counts in a Petroff-Hausser chamber (C. A. Hausser and Son, Philadelphia, Pa.) as described previously (11) . Bacteria were preopsonized with specific antibodies, if required, as described elsewhere (1) .
Isolation of mouse peritoneal macrophages. The collection of peritoneal macrophages was performed as described previously (2 Antibodies. K. pneumoniae bacteria were suspended in saline to a concentration of 10'0/ml and killed by heating for 1 h at 60°C. The heat-killed bacteria were used as vaccines to inject rabbits. The animals were injected intravenously three times a week with increasing amounts from 0.2 to 1.0 ml of the vaccines for 4 weeks. The rabbits were sacrificed 8 days after the last injection, and blood was collected by intracardiac aspiration. All antisera were heat inactivated before being used to pretreat bacteria.
Determination of attachment, ingestion, and intracellular killing. Equal volumes of 2 x 106 macrophages per ml and 5 x 108 preopsonized or nonopsonized bacteria per ml in M-199 solution supplemented or not supplemented with the inhibitory sugar methyl-a-D-mannoside were mixed in a tube. The mixture was rotated end over end at 4°C (25 rpm) for 30 min, washed four times by centrifugation at 300 x g for 5 min to remove nonattached bacteria, and suspended in M-199 medium. The number of any remaining nonadherent bacteria in the bacterium-phagocyte mixture was insignificant in samples taken from the last wash as determined by the ELISA described below. The washed phagocyte-bacterium mixture was shifted to 37 or 4°C, and timed experiments for the determination of the ingestion and killing rates of bacteria attached to macrophages were performed by withdrawing 100 pli of samples for each determination at various times.
To estimate the ingestion rate, one of the timed 100-pul samples was distributed into each well of a microtiter plate (96-well, flat-bottomed microtiter plates; Linbro/Titertek; Flow Laboratories, Inc., McLean, Va.). The microtiter plate was centrifuged, and the sedimented phagocyte-bacterium suspension was fixed with methyl alcohol for 10 min. Bacteria extracellularly attached to the monolayer of phagocytes were quantitated by the ELISA technique as described previously for bacterial attachment to animal cells (13, 18) with minor modifications. Briefly, to each well was added 100 pi of specific antibacterial serum diluted 1:500 in 5% bovine serum albumin containing 10 added to wells containing dried bacteria (see below) and incubated at 37°C for 30 min, followed by determination of the number of bacteria by ELISA.
A standard curve made for each test served to derive the number of bacteria per monolayer. For this purpose, bacteria of known concentrations in distilled water were allowed to dry overnight in wells of the microtiter plate. The ELISA test was performed on the immobilized bacteria as described above. The ELISA values in OD405 units (i.e., optical density at 405 nm) were plotted as a function of the number of bacteria in each well. The curve obtained was used to calculate thé number of bacteria attached to the phagocytic cell monolayer from the ELISA values obtained in the test experiment. The standard curve was adjusted for loss of dried bacteria as follows. To determine loss of dried bacteria due to washings, cells of K. pneumoniae were grown in broth containing'10 ,uCi of ['4C]glucose (Amersham Corp., Buckinghamshire, England) per ml for 48 h at 37°C under static conditions. Thé radiolabeled bacteria were harvested by centrifugation and washed free of excess radioactivity in PBS. The bacteria were adjusted as described above to the desired concentration and counted in a , counter (1211 RackBeta; LKB Instruments, Inc., Rockville, Md.). The radiolabeled bacteria contained 4,500 cpm/107 bacteria. The bacterial suspension was diluted in distilled water and dried into two sets of flat-bottomed Immulon Removawell strips (Dynatech). One of the two sets was washed six times, and the radioactivity of individual wells of the two sets was counted.
After the determination of the number of bacteria was completed, the same monolayers were washed and stained to quantitate the number of phagocytes. The determination of the number of phagocytes per well was based on selective staining of the phagocyte nuclei with methylene blue, followed by extraction of the stain as described elsewhere for tissue culture cells (4) . Briefly, monolayers were stained with 100 pil of 1% methylene blue solution for 10 min, followed by washing with boric acid buffer (pH 8.6). The stain was extracted by adding 0.1 N HCI and reading at 620 nm in a microtiter plate reader (Dyn'atech). A standard curve made for each test served to derive the number of phagocytes per monolayer. For this purpose, various concentrations of macrophages in 100 pil of M-199 medium were sedimented in wells of a microtiter plate, fixed with methyl alcohol, and stained as described above. The OD620 values of the extracted stain were plotted as a function of the number of phagocytes in each well to obtain a standard curve. This curve was used to estimate the number of phagocytes in each 'experimental well after extracting and reading the methylene blue stain from each test monolayer.
To estimate the intracellular killing, the second 100-pl timed sample was placed on a MacConkey agar plate containing 25 (Fig. lA) . Likewise, the OD620 of the extracted methylene blue stain of sedimented macrophages was linear in the range of 105 to 106 macrophages per well (Fig. 1B) . These standard curves were made in each experiment and used to determine the number of bacteria per macrophage, which was calculated by dividing the total number of bacteria by the total number of phagocytes per well.
Attachment of bacteria to macrophages. Mannose-specific lectin associated with type 1 fimbriae of enterobacterial species mediates attachment of bacteria to phagocytic cells (1, 2, 14, 16) . To investigate whether the ELISA technique could be used to measure such specific attachment to macrophages, we used two K. pneumoniae phenotypes, one of which expresses type 1 fimbriae associated with mannosebinding activity and one of which does not (9) .
The attachment of fimbriated K. pneumoniae to peritoneal macrophages increased linearly with an increased number of bacteria in the suspension (data not shown) and reached 17 bacteria attached per macrophage at a 1,000:1 ratio of bacteria added per macrophage (Fig. 2) . At this ratio, only 1 to 2 bacteria of the nonfimbriated phenotype attached per macrophage. The attachment of fimbriated K. pneumoniae was inhibited by 2.5% methyl-a-D-mànnoside, indicating that the binding is mediated by mannose-specific lectin associated with type 1 fimbriae.
Ingestion and killing of bacteria by macrophages. The fate of bacteria attached to peritoneal macrophages at 4°C was monitored by shifting the temperature of incubation of the macrophage-bacterium mixture to 37°C. The number of bacteria attached to macrophages decreased from 17 at zero bacteria were killed during 60 min of incubation at 37°C (Fig.  4) .
DISCUSSION
The purpose of this study was to provide a useful method for measuring the various stages of bacterial phagocytosis in the same phagocyte-bacterium mixture. The method is based on the observation that extracellular attachment of bacteria to animal cells can be detected by the ELISA technique (13, 18) . The ingestion and the attachment stages were separately measured by taking advantage of the fact that bacteria internalized by phagocytes no longer react with specific antibodies (2, 6) . The facts that no ingestion of bacteria took place at 4°C and that at 37°C most of the ingested bacteria could be detected after disrupting the monolayer suggested that the ELISA method detects truly ingested bacteria.
Nevertheless, the ELISA method cannot distinguish between partial ahd complete ingestion or between bacteria attached and internalized but accessible to the antibodies because of potential ingestion by phagosomes that are open to the outside;
We used bacteria that attached to phagocytes via a mannose-specific lectin expressed on the bacterial surface. It has been shown that mannose-specific lectin-mediated interaction of Escherichia coli with phagocytes involves attachment to and ingestion and killing by the phagocytes (2, 14, 16 Furthermore, the preparation of antibody specific for each test organism can be avoided by using antibodies against common surface antigens shared by a defined group of bacteria.
In summary, the ELISA phagocytosis assay appears to be one test of choice when discrimination between the attachment and the ingestion stages in the phagocytosis process is needed. Moreover, the experiments presented here show that using the ELISA along with intracellular killing should lead to a better understanding of the relationship among the binding, ingestion, and killing stages of bacterial phagocytosis.
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